Abstract-Numerous research efforts have been conducted to simulate crowd movements, while relatively few of them are specifically focused on multi-hazard situations. In this paper, we propose a novel crowd simulation method by modeling the generation and contagion of panic emotion under multi-hazard circumstances. In order to depict the effect from hazards and other agents to crowd movement, we first classify hazards into different types (transient and persistent, concurrent and nonconcurrent, static and dynamic) based on their inherent characteristics. Second, we introduce the concept of perilous field for each hazard and further transform the critical level of the field to its invoked-panic emotion. After that, we propose an emotional contagion model to simulate the evolving process of panic emotion caused by multiple hazards. Finally, we introduce an Emotional Reciprocal Velocity Obstacles (ERVO) model to simulate the crowd behaviors by augmenting the traditional RVO model with emotional contagion, which for the first time combines the emotional impact and local avoidance together. Our experiment results demonstrate that the overall approach is robust, can better generate realistic crowds and the panic emotion dynamics in a crowd. Furthermore, it is recommended that our method can be applied to various complex multi-hazard environments.
INTRODUCTION
T He advances in the study of typical crowd behaviors (such as stampede incidents and terrorist attacks) in various domains including psychology, security management, and computer science, have pointed out that simulating both the sentimental state evolution and decision-making of a crowd under different circumstances is an efficient way to show inherent laws of nature [1] . This problem has been considered as a system that as a class of multi-input multioutput systems in the non-strict feedback structure [2] . As a result, it is important to accurately model both the simulation environment and emotional contagion among individuals for realistic crowd simulation.
Recent research efforts of crowd simulation in emergency circumstances have been mostly focused on those situations where there is only one hazard in the area of interest [3] , [4] , [5] , [6] , [7] , [8] , [9] . However, in some real-world cases, multiple hazards may occur in the same area over a period of time, such as the two sequential bombing attacks in Boston in 2013.
Traditional crowd simulation algorithms with a single hazard in the scenario cannot be applied to these cases directly because of the following reasons: 1) A multi-hazard scenario, including different types of hazards, different critical levels of hazards, dynamic changes of hazards, various evacuation strategies, and so on, is more complex than the case with a single hazard. The traditional single-hazard models are very difficult to handle all the above factors in a unified way.
2) The emotional contagion in multi-hazard environment is a complex combining process of emotional spreading, concerning both direct effects from hazards and indirect effects from neighboring individuals. However, existing emotional contagion models are mainly designed for single-hazard scenes and cannot be applied to multi-hazard scenes directly.
3) Traditional multi-agent navigation algorithms, like Reciprocal Velocity Obstacles (RVO) [8] , have not considered the emotion of individuals, which means they are short of the mechanism to deal with the conflict between obstacle avoidance and panic escaping. Therefore, the simulation results under multi-hazard circumstance by these algorithms appear less realistic.
In order to tackle the above challenges, in this paper, we propose a novel multi-hazard scene model to describe different effects of various types of hazards, which is mainly applied to fire and explosion situa- tions. In this model, the hazards are classified into six different types according to three kinds of inherent attributes: durations, time of occurance and dynamics. Based on the definitions of these hazards, we further propose the concept of perilous field and a conversion function to map the criticality of the perilous field to the emotion of individuals. It is noteworthy that emotion in this paper mainly refers to the panic mood of individuals in emergency situations.
In order to depict the complex process of panic spreading, we put forward a new emotional contagion model specially designed for multi-hazard situations by combining panic emotions from different hazards and individuals. Finally, an Emotional Reciprocal Velocity Obstacles(ERVO) model, inspired from the traditional RVO model, is proposed to drive the crowd movement. Different from the existing RVO model, the ERVO model integrates the emotional effect into velocity decision for the first time.
The contributions of this paper are:
• We propose a novel multi-hazard scene model for the description of emergency fire and explosion situations, containing six different types of hazards with their dynamic changing process and an unified criticality conversion function.
• We propose a new emotional contagion model in multi-hazard scenarios, which combines different emotional effects from hazards and individuals in a crowd.
• We propose a novel crowd behavior simulation method, the ERVO to simulate how people under a panic mode choose their paths to safe places or planned goals in a realistic way. The rest of this paper are organized as follows. Background and related work are reviewed in Section 2. The overview of our work is introduced in Section 3. The definition of multiple types of hazards and emergency scenes are described in Section 4. The emotional contagion process is explained in detail in Section 5. The simulation method of crowd movement is described in Section 6. Our experiments are presented in Section 7. Finally, this paper is concluded in Section 8.
RELATED WORK
Although numerous research efforts have been conducted to simulate crowd movements, relatively little literature has been specifically focused on emergency evacuation simulation involved with multiple hazards. In this section, we will mainly review recent works that are clearly related to our work. For more comprehensive review on crowd simulation techniques, please refer to [10] .
Crowd evacuation with social or physical model
One kind of important crowd movement scenarios is to simulate the emergency evacuation. Helbing et al. [3] employ the social force model, combined with social psychology and physics models for the first time, to describe the panic behavior in evacuation. After that, the lattice gas model [11] , multigrid model [12] , agent-based model [5] , virtual hindrance model [13] , etc., have also been proposed to describe the dynamical behaviors of the emergency crowd. The commonness among these methods is that they choose some typical characteristics of the crowd first, and then use corresponding models to describe different evacuation behaviors. Other studies considering more factors in crowd evacuation process, Narain et al. [4] simulate the clustering behaviors of a high density crowd in a combined macro-micro perspective. Funge et al. [14] put forward a cognitive model to direct autonomous characters to perform specific tasks, which outperforms many traditional behaviors models. Durupinar et al. [15] analyze the impact of psychological factors on the crowd movement from the perspective of social psychology. Lai et al. [16] aim at a problem of adaptive quantized control for a class of uncertain nonlinear systems preceded by asymmetric actuator backlash, which is similar with our motion analysis with agents in unexpected situations. Wang et al. [17] propose a semantic-level crowd evaluation metric, which analyze the semantic information between real and simulated data. Basak et al. [18] validate and optimize crowd simulation by using a data-driven approach, which proves the parameters learned from the real videos can better represent the common traits of incidents when simulation. Oguz et al. [1] use continuous dynamic model, to simulate the movements of agents in outdoor emergency situations successfully. In this paper, our crowd behavior model mainly focuses on the micro-level behavior simulation. According to different multihazard environments, we divide the crowd movement into various cases and design crowd behaviors for each case specially.
Crowd simulation with psychological model
In the real world, emotional state of an individual plays a vital role in his/her decision-making, which fundamentally determines his/her movements at each time step [19] , [20] . Therefore, many recent works start to consider the psychological factors of agents, especially during the simulating process of crowd movement [21] . Belkaid et al. [22] stress the important role that emotional modulation plays on behavior organization by analyzing the relationships between emotion and cognition. Bosse et al. [23] propose the absorption model based on the heat dissipation theory in thermodynamic, which embodies the role of authority figures in the process of emotional contagion. Tasi et al. [24] devise a multiagent evacuation simulation tool ESCAPES, where an agent will accept the emotion of other agents who has the strongest mood or has special identity. Le et al. [25] propose an agent-based evacuation model by considering emotion propagation among individuals to make the simulation more realistic. Lhommet et al. [26] also propose a computational model of emotional contagion based on individual personality and relationships. Durupinar et al. [15] create a system that enables the specification of different crowd types ranging from audiences to mobs based on a computational mapping from the OCEAN personality traits to emotional contagion. Tsai et al. [27] combine the dynamics-based and epidemiologicial-based models to describe the dynamics of emotional spreading from the perspective of social psychology. Fu et al. [28] use a modified SIR model, originally proposes in [29] , to model the emotion evolving in the process of emergency crowd movement. The work in [30] proposes a stress model to realize the interactive simulation of dynamic crowd behaviors. Although stress is similar to our panic emotion in terms of the impact on crowd behaviors, there are still some inherent differences. For one certain crowd scene, they mainly model one type of stress in it and the stress of external environment on individuals. The mutual influence impact among different individuals is ignored. In addition, their model only focuses on the changes of individuals' velocities caused by the magnitude of stress. By contrast, in our paper, the emotional state of agents in emergency situations is mainly the panic emotion. Due to different emotional spreading and reception for various agents, we analyze the emotional contagion by involving the personality factors. Since the panic effect is not only coming from various hazards but also from neighboring individuals, a new microcontinuous emotion contagion model is designed.
Crowd path planning
In the process of crowd evacuation, an individual's action decision [31] , [32] , [33] , [34] , [35] , [36] , [37] is dependent on the evacuating directions of nearby agents, the locations of hazards, and the obstacles in the scene. Some researches develop a variety of methods to avoid the collision problem through the calculation of possible positions of individuals at the next time step [38] , [39] . On the premise of collision avoidance, Kluge and Prassler [40] use a local obstacle avoidance approach, combined with individual's emotion states to calculate the movements of agents iteratively. Van den Berg et al. [8] propose the wellknown Reciprocal Velocity Obstacles (RVO) model to drive the multi-agent navigation without collision. Concretely, the reactive behavior of one agent at each time step depends on the behaviors of all the other agents. In their method, a collision-avoidance velocity for each agent is chosen by taking into account the positions and reciprocal velocities of all agents in the scenario. By constructing visual trees, Belkhouche [41] proposes a shortest path without conflict. Guy et al. [9] propose an optimization method for collision avoidance on the basis of the RVO model for realtime simulation of large-scale crowd movement. In addition, they also propose an energy-saving simulation method with the minimum energy consumption as the guidelines [42] . Furthermore, a series of path planning and navigation algorithms [43] , [44] , [45] , [46] are also described in mass population under complex background. In this paper, we enhance the traditional RVO model with emotional contagion in multi-hazard circumstances. Panic is used to describe the emotional state of each agent, which is changed dynamically and affect the behaviors of individuals.
SYSTEM OVERVIEW
As shown in Figure 1 , the main methodology of this work is divided into three parts: multi-hazard environment modeling in Section 4; emotional contagion process under multi-hazard situations in Section 5; crowd behavior simulation based on emotional reciprocal velocity obstacle in Section 6.
Specifically, in order to simulate the crowd behavior in multi-hazard situations realistically, we analyze different types of hazards according to their properties, the time of occurrence and duration. After that, we propose a perilous field consisting of multiple hazards and define a conversion function to map the intensity of danger to panic emotion. Besides the direct effects from hazards, panic propagations also exist among different agents in emergency scenes. So we build an emotional contagion model (ECM) to handle the above cases. The ECM computes the panic emotion of each agent in the dangerous field according to the distance between this agent and the hazards using the above conversion function. At the same time, the ECM accumulates the contagious panic emotion from other agents to obtain the final emotion of each agent. To realize multi-agent navigation with panic emotion under multi-hazard situations, we propose an ERVO model to simulate the crowd behaviors. The major contribution of ERVO is a new mechanism of velocity decision by integrating both the traditional RVO and panic emotion.
MULTI-HAZARD ENVIRONMENT MODEL-ING
The characteristics of complexity, interactivity and time-varying make crowd behavior simulation challenging, especially in multi-hazard environments. In order to achieve realistic simulation results, we first need to model multi-hazard simulation environment quantitatively.
According to their durations, we divide hazards into two different types: transient and persistent. The former only lasts for a moment, while the latter lasts for relatively long time. Both of them would cause drastic changes to the psychological state of a crowd, and individuals in the dangerous area would respond immediately. The difference between them is that a transient hazard only threats those individuals at the time when it is happening. Once it disappears, the threat will also disappear immediately. By contrast, a persistent hazard will continue to impact those individuals in the dangerous area during its existence.
According to their generation time, we divide hazards into concurrent and non-concurrent. Specifically, when some hazards occur concurrently, their influences on neighboring agents can be treated as a single one. These influences should be accumulated together. For non-concurrent hazards, we need to consider the status of the crowd each time when a new hazard happens. If an agent has already been affected by other hazards before or has its own emotion, the new effect needs to be accumulated.
More importantly, the static and dynamic characteristics of hazards also play vital effects on the crowd movement in complex situations. Based on this fact, we classify the hazards with fixed position and influence radius as static ones. Other cases, such as fixed position with variable influence radius, variable position with fixed or variable influence radius are regarded as dynamic hazards. For dynamic hazards, they may have different states over the time, which determine their position and area of influence dynamically.
The above six basic types of hazards have obviously different impacts on the crowd movement. Realistic multi-hazard scenarios usually consist of these basic types and their combinations.
After analyzing these hazards qualitatively, we give quantitative descriptions for them. We first define a perilous field as the circular area with the hazard position as the center and a radius. Each agent is aware of the existence of hazards in the scene through self-perception or neighbor contagion. The influence of danger is limited in space: the farther the distance to the hazard, the weaker influence to the crowd. For different types of hazards, due to the uncertainty of their location and range, new perilous fields will be formed constantly along with the time. Defining the hazard position as P s , for example, it can affect all agents in its perilous field with radius, defined as r s , in the existence time, defined by U . If the diffusion velocity and diffusion time for the hazard is v s and t s , respectively, where v s = {v s1 , v s2 , ..., v sn }, n → ∞ depicts all possible directions for the diffusion, the new hazard point P s can be defined as Equation 1:
The dangerous range A s after the diffusion forms a closed area consisting of P s as the source point and all points P s as the boundary. Then we divide this area into two parts using a line between 1 and n 2 , and this area can be expressed as the sum of integration of these two parts. (2) According to the above description, the dangerous impact on each agent is related to the dangerous range of hazard and the distance between the hazard and an agent. The farther the distance is, the smaller the impact, all points with the same distance from hazard share the same dangerous impact. In order to depict this symmetry and attenuation, which is inspired by the work in [1] , a Gaussian distribution function is chosen to depict this procedure by Equation 3 .
if P − Ds < rs and t ∈ U 0 otherwise (3) Here, Γ s (P, t) is the strength of danger at the position P produced by hazard s at time t. U is the duration of hazard s. D s is the intersection position of line P P s and the hazard area A s (D s can be seen as the hazard position P s in static hazard situations), and r s is its influence radius. It is noteworthy that danger strength will be 1.0 if position P is within the dangerous range A s .
EMOTIONAL CONTAGION MODEL CON-STRUCTION
The emotional contagion model under multi-hazard situations needs to consider the panic emotion invoked directly by the hazards, panic propagation among individuals, and panic attenuation. The final panic emotion of each agent can be obtained by summing up these three components.
Emotional impact from multiple hazards
In Section 4, we have defined the perilous field and the strength of danger of different hazards. Since the normalized value of the strength of danger is within the range [0, 1] , which is the same as the property of emotional value [28] , therefore, we adopt the strength of danger, perceived by the agent directly, as the panic value at the current position in Equation 4 .
Here, E h i (P, t) represents the panic value of agent i affected by all the hazards s at time t and position P , where n denotes the total number of hazards.
Emotional contagion among individuals
In real life, individuals escaping from the perilous field will carry panic emotion and propagate the panic continuously to infect other individuals within a certain distance when they are moving. Individuals who perceive this panic may also be affected by them, incorporate into their emotions and then pass them out. In addition, emotional contagion among different agents are totally different. The extent of emotional transmission among agents depend on their personalities, which affect their ability of expression and reception.
In order to depict the above process, we use the emotional contagion model proposed in [15] , which incorporate a complex but easy-to-use psychological component into agents to simulate various crowd types. one personality model and two thresholds are used in this process. Specifically, OCEAN personality model [47] defines a five-dimensional vector
N to characterize the individuals' five kinds of personality: openness, conscientiousness, extraversion, agreeableness and neuroticism. Each dimension takes a value between -1 and 1. Moreover, personality can also affect the decision of agent in different situations. The two thresholds are expressiveness and susceptibility. Expressiveness correlated with extroversion, represents the ability to diffuse emotion. Susceptibility represents the minimum value of agent be affected by other agents. Taking agent i and agent j as an example, if the emotional value for agent j at certain time is higher than its expressive force threshold, it will express the emotion to others. At the same time, if all emotions agent i received exceeds its susceptibility threshlod, agent i can be affected by this emotion. The expressiveness threshold for agent j and susceptibility threshlod for agent i are defined as follows:
Where N (., .) represents a normal distribution with the former as mean and the later parameter as a standard deviation, the empathy value
for agent i can be described as follows [48] :
Then for the susceptible agent i, all effect caused by all agent j who is expressive and in the perceived range of it at time t can be computed by Equation 8 :
Where
Emotion combination
Based on the documented observations [15] , the panic emotion of individuals will decay over time gradually until to the normal state. So we define an emotional attenuation function to describe this process, where a parameter η is the emotional decay rate. For agent i at time step t, its new panic can be computed as following:
As mentioned at the beginning of this section, the final panic emotion of each agent can be obtained by combining all above three components. Considering the Equations 4, 8 and 9, the incremental panic of the agent i, who is at the position P and at time t, can be computed by Equation 10 . With this incremental value, we can obtain the panic emotion by Equation 11 . It is noteworthy that the emotional value E i (P, t) needs to be normalized after update.
EMOTIONAL RECIPROCAL VELOCITY OB-STACLE
After the panic of each agent in a multi-hazard environment is computed during evacuation, the stressful behaviors of these agents affected by the panic emotion can be determined. The location and moving direction of an agent are denoted as P and → V , respectively. When the agent has perceived the impact from a hazard s at location P s , it will try to follow the stress safety direction → P s P to escape from the hazard instinctively. By contrast, those agents who are not within the impacted area of any hazard, will follow their original moving directions. If an agent is affected by multiple hazards, then all the stress safety directions of interest will be the result of a weighted 
Here, → V s i (P, t) is defined as the safety evacuation direction for agent i at the position P and time t. U is the duration of hazard s. Figure 2 shows different safety evacuation directions chosen by a group of individuals.
Besides the direct emotional impact from hazards, the contagious panic emotion received from its neighbors may also alter agents' original moving directions. As mentioned in [3] , we assume the probability of agent i following its original direction is p i and the probability 1−p i to follow the others' directions. Thus, the new direction can be defined as the addition of these two direction vectors. In this paper, the probability p i is equal to the panic value E i (P, t) of agent i. The updated moving direction of agent i at time t is defined as below:
Here, → V c i (P, t) represents the moving direction of agent i who is at the position P at time t.
is the combined moving directions of those agents who are in the emotional perception range of agent i. R(i) denotes neighboring agents within the perception range of agent i. When the agent is going to change its direction, we assume the magnitude of its velocity will remain. In other words, the velocity module of the agent at that time should be V c i . In Equation 13 , the moving direction of agent i is only influenced by panic emotion. However, in the actual crowd movement, the final direction of an agent is also influenced by its planned targets and other neighboring moving agents. In other words, the local obstacle avoidance and global path planning for agents also need to be considered. The RVO model [8] is an efficient and safe multi-object automatic navigation algorithm. However, during the obstacle avoidance, the RVO model focuses on the position and velocity of the current agent and other agents (refer to Equation 14), but does not take into account the emotional impact on speed selection invoked by surrounding obstacles and existing hazards. In Equation 14 ,
is the collision area for agent i caused by agent j (illustrated in the grey area around the white circle of Figure 3 (RVO)), which means that agent i and agent j will collide with each other once the velocity of agent i fall into this area. V i and V j represent the velocity for agent i and agent (or hazard) j. α i j is the effort chosen by agent i to avoid the collision with agent (or hazard) j, which is implicitly assumed to 1 2 in the original RVO model. For more details of the RVO model, please refer to [8] .
Inspired by the RVO model, we propose a new ERVO model by integrating emotional contagion into crowd movement planning. This new model constructs a new collision area (shown by the grey triangle areas in Figure 3 (ERVO) ) by considering the current velocity V i and the updated velocity V c i of the agent, and also the velocity V j as described in Equation 15 . The effort made by agent i to avoid collision with agent (or hazard) j is defined in Equation 16 .
During the crowd simulation, for agent i, if V i is outside of the emotional reciprocal velocity obstacle of agent (or hazard)j, both of them will never collide. The ERVO model can be used to navigate a large number of agents in a complex multi-hazard scenario. For each agent i in the scene, it has a current position P , a current velocity V i , an updated velocity V c i , a current panic emotion E i (P, t), and a goal location G i . For a hazard s, it has position P s and duration t. For obstacle o, it has current position P o and velocity V o . Static obstacles have zero velocity in particular. In our experiments, we choose a small time step ∆t to simulate crowd behaviors. Within this time step, we select a new velocity for each object independently and update its position according to the surrounding environment until all of the agents have reached the safe area or their goals.
EXPERIMENT RESULTS
We run a diverse set of crowd simulations in multihazard situations, all experiments are realized by using C++ in the Visual Studio and Unity 3D platform. Our experiment results show that our method can soundly generate realistic movement as well as panic emotion dynamics in a crowd. In Section 7.1, we simulate crowd behaviors in four different outdoor multi-hazard scenes. In Section 7.2, we analyze the importance of our emotional contagion mechanism and different infuence in different scenarios. Then the emotional contagion model is proved more suitable for our multi-hazard situations in Section 7.3. Furthermore, we validate the realism of our simulation results by comparing them with the crowd movement in real world in Section 7.4 and the effectiveness of our method in different virtual environments in Section 7.5.
Crowd simulation under different multi-hazard scenarios
As discussed before, different hazard types have various effects on crowd movement. We simulate emergency behaviors in a crowd with the following two-hazard situations: (1) persistent hazards occur at the same time; (2) transient hazards occur at the same time; (3) persistent hazards occur at different moments; (4) transient hazards occur at different moments. All simulations run in open field, and each simulation involves forty agents. The persistent hazards and transient hazards are represented by fire and explosion, respectively. The time step is set to 0.25s, other parameters in our system are set experimentally: the influence radius r s = 10 m, emotional decay parameter η = 0.01, the personality parameters
N are set to the random number between -1 and 1 for simplify to depict different agents, and the perceived scope is set to 4 for all agents.
Path flow maps for all agents are used to depict the crowd movement differences among this four conditions. As illustrated in Figrue 4, the black points are the original positions of all agents, lines of different colors are used to depict different paths of agents, while trace flows for the same agent indicated by the same color in four conditions, the red solid and hollow circles represent persistent and transient Fig. 3 : The collision area computed by the traditional RVO model and our ERVO model for agent i. Grey triangle areas around white circles and red solid circles represent the collision areas caused by agents and hazards, respectively. The black, blue, green and red arrows are separately the original direction, stress safety direction, emotional contagion direction and final direction of one agent. The emotional contagion direction of an agent is determined by combining its safety stress direction with those of its neighbors. The final direction is determined by combining its original direction and emotional contagion direction. hazard positions in our scenarios, respectively. While the second hazards occur in the concurrent conditions draw by green.
If two hazards occur at the same time as shown in Figure 4(a), Figure 4 (b). Agents around these two hazards will change their routes to be distant far away from them. When compared with the transient condition, based on the persistent effect from hazards, more emotional contagion lead to jittery for many paths of agents (shown in Figure 4(a) ), while trajectory for the agents in transient conditions are smoother owing to the disappear of hazards in this scenario (shown in Figure 4(b) ).
If two hazards occur at different moments, as shown in Figure 4 (c), Figure 4(d) . When the first hazard occurs, agents in the perilous field of this hazard will change their movement direction far away from it, while other agents keep the original movement. When the second hazard occurs, if the first one does not disappear, agents will escape away from both of the two hazards (shown in Figure 4(c) ). By contrast, some agents' path may move to or pass through the area where the first hazard disappeared (shown in Figure 4(d) ).
In addition to that, the panic emotion changes of agents are also important during this procedure. Figure 5 illustrate a snapshot in the condition of persistent hazards occur at the same time, where we use a cylinder to represent an agent and visualize its panic value using different colors. Despite those two dead agents drawn by the black cylinders, the white, light red, red, dark red and red black are used to represent
and E i ∈ (0.7, 1.0], respectively. The larger the panic value is, the darker its color. For more dynamic simulation details in different multi-hazard conditions, we refer readers to our supplemental video. 
Analysis of emotional contagion
In order to validate the effectiveness of emotional contagion in our method, we run crowd simulations in a scene with and without this mechanism, respectively. Figure 6 shows the moving trajectories of three selected agents in the situation with one transient hazard. Agents with emotional contagion will adjust their moving directions to escape away from the hazard even when they have not reached the nearby region of the hazard. In contrast, agents without emotional contagion will keep moving along the original planned directions. The trajectory of one agent is illustrated by one colorful line. From these results, we can infer that the crowd movement in a hazard environment is affected by the panic emotion significantly.
In the previous section, we have discussed the effect of emotional propagation on crowd movement qualitatively. Here we mainly focus on the change of panic emotion of each agent during the crowd evacuation, especially when persistent/transient hazards occur at the same time. From Figure 7 , we can see that the panic emotion value will increase to the maximum when a persistent hazard happens. The reason is that although the agent is moving far away from the hazard, the agent is still in the perilous field and the panic value is accumulated. When agents are out of the perilous field, their panic values will decay and reach to a similar low level due to the effect of emotion contagion. For a transient hazard, the panic emotion will reach to the maximum immediately when the hazard occurs, then it will decrease gradually.
Comparisons with another emotional contagion model
In order to validate the effectiveness of our emotional contagion model among agents, we compare our simulation results to an agent-based emotional contagion model proposed in [49] . Same personality and original state are chosen for fifty agents in this two models, then the overall difference caused by emotional contagion can be catched. After bomb occurs, agents may have different panic emotions and movements in different time. Panic emotion of all agents and movements simulation results can be shown in Figure  8 , Figure 9 . In Figure 8 , the number distribution of agents panic emotion are illstrrated by five levels defined in Section 7.1, Where 0 as the lowest panic emotion values 0 and level 5 represents the highest panic emotion values from 0.7 to 1.0. We choose the explosion time at 4s as the start time, which can be seen that all agents have the high panic emotion almost the whole evacuation process when used emotional contagion model mentioned in [49] , but in our model, the number of lower emotion levels decrease first and increase as following, the higher level ones reverses. The reason of this phenomenon is that [49] considers all agents in the whole scenes once a hazard occurs, and does not take emotion decay into account. While in our emotional contagion model, each agent have a perception range as well as expressiveness and susceptibility to accept emotional contagion from others, and their panic emotion change along with the movement.
In addition, the simulation results in this two conditions shown in Figure 9 . The movement of agents after explosion in our model are more dispersed as labeled by red ellipses, while in another model, all agents behave towards an aggregation states. With considering the different emotion changes in this two models, lower panic emotion lead to a more independent movement direction (shown in Figure 9(a) ) instead of gathered movement based on stronger emotional (a) panic emotional interval dictribution over time in model [49] (b) panic emotional interval dictribution over time in our model contagion(shown in Figure 9(b) ). In real world, panic emotions will decrease when the crowd are away from hazards. From the results of these two different models, where be seen that our emotional contagion model is more realistic and suitable to simulate the crowd movement in the multi-hazard situations.
Comparisons with real-world crowd behaviors
In order to validate our approach, we also compare the simulation results with real-world crowd evacuation video. Two crowd evacuation video are chosen in this part, first one is chosen from the public available dataset of normal crowd videos from University of Minnesota (UMN) [50] , which is designed to test the abnormal detection method originally. In this scene, movement details are used to verify the similarity between real-world crowd behaviors and our simulation results. Although no pre-defined goals are set in advance, agents can still be driven to escape in a realistic way by our method.Illustrated in Figure 10 , three images in each row are the crowd movement states at initial random conditions, at the beginning of the evacuation, one moment after the hazard occurs. The trajectories of agents are shown by the blue lines. From the trajectories we can find that movement Table 1 (comparison with the grassland scene) and Table 2 (comparison with the square scene), where can be seen that our mean trajectory length and mean maximum speed are close to the true video data. Thus we can see both the overall movement trend of the crowd and individuals' movement details in the crowd are similar to those in the recorded real-world crowd video. More animation comparison details can be found in our supplemental video.
The second one is the 911 terrorist attacks with two explosion, while when considering the camera shaking and crowd occlusion, movement details of agents cannot be obtained accurately, thus this scene is mainly used to verify the similarity of group movement trends between our simulation result and true situation. In this circumstance, two bombs occurred concurrent on the building, and all agents straight forward in the whole procedure. As shown in Figure  11 , the crowd movement directions are indicated by red arrows, more details can be found in our supplemental video. 
Applications in different scenarios
We apply our method to simulate crowd evacuation simulations in office building ( Figure 12 ) and crossroads ( Figure 13 ) with multiple hazards to check the effectiveness of our method.
In an office building, we numbered its four rooms as 1, 2, 3, 4 from left to right and up to bottom. The corridor in the middle connects all these rooms together and there are no exits on both sides. At the beginning, 50 agents located in different rooms move randomly in Figure 12(a) . At the 8th frame, there are two bomb explosions in room 1 and room 4 at the same time in Figure 12(b) . At the 64th frame, there is a fire in room 2 in Figure 12(c) . From the simulation results, we observe the following: when bomb explosions occur, in order to avoid the danger, agents in the rooms begin to move to room 2 and room 3, respectively. When room 2 is on fire, the agents in or aiming to room 2 try to escape. At last, all of the agents move to the safe room 3 in Figure  12 (d).
The crossroad scene contains 50 pedestrians and two non-current car bombs. When the simulation starts, agents cross the road freely in Figure 13(a) . At the 16th frame, one black car bomb explodes in Figure  13 (b) and another red car bomb explodes at the 24th frame as shown in Figure 13(c) . When the first car bomb occurs, the agents nearby evacuate immediately. Some agents affected by their neighbors move away from the black car bomb. Since the dangerous field of black car bomb is limited, the agents far away from it continue to move along their original paths. When the red car bomb occurs, these agents who are in the perilous field also begin to evacuate, while others just move in their original directions. Figure 13(d) is the result at the end time (at the 60th frame). Animation details can be found in our supplemental video.
DISCUSSION AND CONCLUSION
Crowd behavior simulation under multi-hazard environment is a very challenging problem, and existing models with a single hazard cannot be applied to these cases directly. In this paper, we present a novel evacuation simulation method by modeling the generation and contagion of panic emotion under multi-hazard circumstances. First, we model multihazard environment by classifying hazards into different types based on their inherent characteristics and introducing the concept of perilous field for a hazard. Then, we propose a novel emotion contagion model to simulate the panic emotion evolving process in these situations. Finally, we introduce an emotional Reciprocal Velocity Obstacles(ERVO) model by augmenting the traditional RVO model with emotional contagion, which combines the panic emotion impact and local avoidance together for the first time. By comparing our simulation results with the ground-truth data and applying our algorithm in different virtual environments, our experiment results show that the overall approach is robust and can better generate realistic crowds as well as the panic emotion dynamics in a crowd in various multi-hazard environments.
There are still several limitations in our current work. The first one is that our current method relies on some important assumptions, such as all agents in our scenario are treated equally in the face of hazards except the different personalities, thus they can perceive the danger level and be affected by the hazards once he/she enter into the influence radius of them. Besides that, safe exits choosed in the simulation environment in advance, especially in the office building situations, where the doors are choosed as the sole exit for each room. In real world, this is not very common. So we need to improve the sensing capability of the agents in an unknown multi-hazard scenario. The second is, in spite of considering agents personalities, expressiveness and susceptibility, diverse crowd movements are shown in our simulation results, many other complex personality traits and prior expertise may also affect the emotion changes and motion choices of each agent. In addition, the personality parameters in our emotional contagion model are set randomly to depict different agents, while it may not include all agents or some agents with special characters. Thus, more factors need to be considered. Furthermore, our method is sensitive to some key parameters, such as the strength of danger. In the future, we want to utilize a large number of surveillance video clips to calibrate and further improve our model. 
